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INRUSH CURRENT PROTECTION FOR
WIND TURBINES AND WIND FARMS

BACKGROUND OF THE INVENTION

The subject matter described herein relates generally to
methods and systems for wind turbines, and more particu-
larly, to methods and systems for protecting a wind turbine
and a wind farm against inrush currents after grid recovery.

Generally, a wind turbine includes a turbine that has a rotor
that includes a rotatable hub assembly having multiple
blades. The blades transform wind energy into a mechanical
rotational torque that drives one or more generators via the
rotor. The generators are sometimes, but not always, rotation-
ally coupled to the rotor through a gearbox. The gearbox steps
up the inherently low rotational speed of the rotor for the
generator to efliciently convert the rotational mechanical
energy to electrical energy, which 1s fed 1into a utility grid via
at least one electrical connection. Gearless direct drive wind
turbines also exist. The rotor, generator, gearbox and other
components are typically mounted within a housing, or
nacelle, that 1s positioned on top of a base that may be a truss
or tubular tower.

Some wind turbine configurations include double-fed
induction generators (DFIGs). Such configurations may also
include power converters that are used to convert a frequency
of generated electric power to a frequency substantially simi-
lar to a utility grid frequency. Moreover, such converters, 1n
conjunction with the DFIG, also transmit electric power
between the utility grid and the generator as well as transmit
generator excitation power to a wound generator rotor from
one of the connections to the electric utility grid connection.
Alternatively, some wind turbine configurations include, but
are not limited to, alternative types of induction generators,
permanent magnet (PM) synchronous generators and electri-
cally-excited synchronous generators and switched reluc-
tance generators. These alternative configurations may also
include power converters that are used to convert the frequen-
cies as described above and transmit electrical power between
the utility grid and the generator.

Known wind turbines have a plurality of mechanical and
clectrical components. Each electrical and/or mechanical
component may have independent or different operating limi-
tations, such as current, voltage, power, and/or temperature
limits, than other components. Moreover, known wind tur-
bines typically are designed and/or assembled with pre-
defined rated power limits. To operate within such rated
power limits, the electrical and/or mechanical components
may be operated with large margins for the operating limita-
tions. Such operation may result in netficient wind turbine
operation, and a power generation capability of the wind
turbine may be underutilized.

Nearly every power generating plant—be 1t a nuclear
power plant, a cogeneration plant, a hydro power station, coal
power station, a gas power station, or a wind power station, in
the following also referred to as wind farm—generates the
current by one or more generators which converts mechanical
energy 1nto electrical power. Typically, the electric power of
the generators 1s feed into the utility grid via transformers. For
example, the generators of the wind turbines of a wind farm
are typically connected to individual transformers coupled
via a main transformer of a substation to the utility grid. When
the utility grid comes back after an outage, the individual
transformers of the wind turbines are still connected and are
all energized at the same moment. This may result 1n a very
high 1nrush current peak. Accordingly, the main transformer
in the substation may be disconnected from the utility grnid
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due to an unwanted protection relay tripping. Furthermore,
the inrush current peak may lead to resonances and/or oscil-
lations in the power distribution system and/or to high
mechanical loading of the transformer windings which may
result in reduced transformer lifetime.

In view of the above, there 1s a desire for improved inrush
current reduction and/or 1mrush current protection of power
generating plants, 1n particular wind farms.

BRIEF DESCRIPTION OF THE INVENTION

In one aspect, a wind turbine 1s provided. The wind turbine
includes a transformer having a low-voltage side and a high-
voltage side. The transformer 1s configured to step up a volt-
age at the low-voltage side of the transformer to a voltage of
an external grid. The wind turbine further includes an elec-
trical power generating unit which 1s connected to the low-
voltage side of the transformer and configured to feed an
ac-power to the low-voltage side of the transformer. A charg-
ing device of the wind turbine 1s connected to the low-voltage
side of the transformer and configured to charge the low-
voltage side of the transformer when the electrical power
generating unit does not feed ac-power to the low-voltage side
of the transformer.

In another aspect, a wind farm 1s provided. The wind farm
includes a wind farm grid and a main transformer which 1s
connected to the wind farm grid and configured to step up a
voltage of the wind farm grid to a voltage of a utility grid to
which the wind farm 1s connected. The wind farm further
includes at least one wind turbine, a transtformer and a switch.
The at least one wind turbine includes an internal grid, an
clectrical power generating unit connected to the internal grid
and configured to feed an ac-power of a rated voltage to the
internal grid, and a charging device connected to the internal
or1id. The transformer 1s connected to the internal grid of the
wind turbine and configured to step-up the rated voltage of the
clectrical power generating unit to the voltage of the wind
farm grid. The switch 1s connected between the wind farm
orid and the transformer and configured to open and close a
connection between the transtormer and the wind farm grid.
The charging device 1s configured to feed ac-power to the
internal grid of the wind turbine when the switch is open.

In yet another aspect, a method for connecting a trans-
former to a grid after a grid failure 1s provided. The method
includes detecting a recovery of the grid, buffering energy of
the grid, and charging a low-voltage side of the transformer
with the buflered energy while a high-voltage side of the
transformer 1s disconnected from the grid so that the high-
voltage side of the transformer 1s substantially in phase with
the grid. The method further includes connecting the high-
voltage side of the transformer and the gnid.

Further aspects, advantages and features of the present
invention are apparent from the dependent claims, the
description and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

A full and enabling disclosure including the best mode
thereof, to one of ordinary skill 1n the art, 1s set forth more
particularly 1n the remainder of the specification, including
reference to the accompanying figures wherein:

FIG. 1 15 a perspective view of a portion of an exemplary
wind turbine.

FIG. 2 1s a schematic view of a portion of an exemplary
clectrical and control system suitable for use with the wind
turbine shown in FIG. 1.
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FIG. 3 1s a schematic view of a wind turbine according to an
embodiment.

FI1G. 4 1s a schematic view of a wind turbine according to
another embodiment.

FIG. 35 1s a schematic view of a wind turbine according to 5
yet another embodiment.

FIG. 6 1s a schematic view of a wind turbine according to
still another embodiment.
FIG. 7 1s a schematic view of a charging device for wind
turbines according to an embodiment. 10
FIG. 8 1s a schematic view of a charging device for wind
turbines according to another embodiment.

FIG. 9 1s a schematic view of a wind farm according to an
embodiment.

FI1G. 10 1s a flow diagram for connecting a transformertoa 15
orid after a grid failure according to an embodiment.

DETAILED DESCRIPTION OF THE INVENTION

Reference will now be made in detail to the various 20
embodiments, one or more examples of which are 1llustrated
in each figure. Each example 1s provided by way of explana-
tion and 1s not meant as a limitation. For example, features
illustrated or described as part of one embodiment can be used
on or in conjunction with other embodiments to yield yet 25
turther embodiments. It 1s intended that the present disclosure
includes such modifications and variations.

The embodiments described herein include a wind turbine
system having a charging device for a transformer, a wind
farm with such wind turbines and a related method. Due to 30
charging a low-voltage side of the transformer after a grnid
recovery and prior to connecting a high-voltage side of the
transiformer back to the grid, high inrush currents are avoided
when the high-voltage side of the transformer 1s connected to
the grid. Accordingly, mechanical loads of the transformer 35
windings, resonances and/or oscillations in the grid and the
power distributing system, respectively, as well as discon-
necting ol a main transformer arranged between the trans-
former and a utility grid may be avoided.

As used herein, the term “grid failure” intends to describe 40
a drop ol a voltage and/or a frequency below respective lower
rated values of a grid, typically a utility grid, or an increase of
the voltage and/or the frequency above respective upper rated
values of the grid. As used herein, the term “grid failure” shall
embrace an outage of the grnid. As used herein, the term 45
“transformer” 1s intended to be representative of any device
that transfers electrical energy from one circuit or grid to
another through inductively coupled conductors, 1.e. through
coils or windings of the transformer. The transformer typi-
cally includes a low-voltage side connected to primary wind- 50
ings of the transtformer and a high-voltage side connected to
secondary windings of the transformer. As used herein, the
terms “low-voltage side of a transformer” and “high-voltage
side of a transformer” intend to describe that the voltage at the
low voltage-side of the transformer 1s during normal opera- 55
tion lower than the voltage of the high-voltage side of the
transformer. The term “low-voltage side of a transformer”
shall not be limited to low voltages. For example, the low-
voltage side of a transformer may correspond to a voltage of
110V, 230V, 690V, 10KV or even more. The corresponding 60
high-voltage side of the transformer may correspond to a
voltage of 690 V, 10 kV, 100 kV or even higher. As used
herein, the term “blade” 1s imntended to be representative of
any device that provides a reactive force when in motion
relative to a surrounding fluid. As used herein, the term “wind 65
turbine” 1s mtended to be representative of any device that
generates rotational energy from wind energy, and more spe-
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cifically, converts kinetic energy of wind into mechanical
energy. As used herein, the term “electrical power generating
unit” 1s itended to be representative of any device that gen-
erates electrical power from rotational energy, and more spe-
cifically, converts mechanical energy converted from kinetic
energy of wind to ac electrical power. The electrical power
generating unit may, for example, be formed by a rotating
generator. The term “electrical power generating unit” shall
also embrace devices that include a generator and a frequency
converter or an nverter to convert at least a part of the electric
power converted by the generator from the rotational energy.

FIG. 1 15 a perspective view of a portion of an exemplary
wind turbine 100. Wind turbine 100 includes a nacelle 12
housing a generator (not shown 1n FIG. 1). Nacelle 12 1s
mounted on a tower 14 (a portion of tower 14 being shown in
FIG.1). Tower 14 may have any suitable height that facilitates
operation of wind turbine 100 as described herein. Wind
turbine 100 also includes a rotor 16 that includes three blades
18 attached to a rotating hub 19. Alternatively, wind turbine
100 1includes any number of blades 18 that facilitates opera-
tion of wind turbine 100 as described herein. In the exemplary
embodiment, wind turbine 100 includes a gearbox (not shown
in FIG. 1) operatively coupled to rotor 16 and a generator (not
shown 1 FIG. 1).

FIG. 2 1s a schematic view of an exemplary electrical and
control system 20 that may be used with wind turbine 100.
Rotor 16 includes blades 18 coupled to hub 19. Rotor 16 also
includes a low-speed shatt 112 rotatably coupled to hub 19.
Low-speed shaft 112 1s coupled to a step-up gearbox 114 that
1s configured to step up the rotational speed of low-speed
shaft 112 and transfer that speed to a high-speed shaft 116. In
the exemplary embodiment, gearbox 114 has a step-up ratio
of approximately 70:1. For example, low-speed shaft 112
rotating at approximately 20 revolutions per minute (rpm)
coupled to gearbox 114 with an approximately 70:1 step-up
ratio generates a speed for high-speed shait 116 of approxi-
mately 1400 rpm. Alternatively, gearbox 114 has any suitable
step-up ratio that facilitates operation of wind turbine 100 as
described herein. As a further alternative, wind turbine 100
includes a direct-drive generator that 1s rotatably coupled to
rotor 106 without any intervening gearbox.

High-speed shatt 116 1s rotatably coupled to generator 118.
In the exemplary embodiment, generator 118 1s a wound
rotor, three-phase, double-fed induction (asynchronous) gen-
crator (DFIG) that includes a generator stator 120 magneti-
cally coupled to a generator rotor 122. In an alternative
embodiment, generator rotor 122 includes a plurality of per-
manent magnets in place of rotor windings to form a synchro-
nous generator. The synchronous generator may be connected
to a frequency converter to allow for variable speed operation
of the synchronous generator. In a further alternative embodi-
ment, the generator 1s a single-fed asynchronous induction
generator having electrically excited rotor windings. In still
an alternative embodiment, the generator 1s a dc-generator
which 1s connected to an inverter to convert the produced
direct current (dc) of the dc-generator to alternating current
(ac).

Electrical and control system 20 includes a turbine control-
ler 202. Turbine controller 202 includes at least one processor
and a memory, at least one processor input channel, at least
one processor output channel, and may include at least one
computer (none shown 1n FIG. 2). As used herein, the term
computer 1s not limited to integrated circuits referred to 1n the
art as a computer, but broadly refers to a processor, a micro-
controller, a microcomputer, a programmable logic controller
(PLC), an application specific mtegrated circuit, and other
programmable circuits (none shown in FIG. 2), and these
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terms are used interchangeably herein. In the exemplary
embodiment, memory may include, but 1s not limited to, a
computer-readable medium, such as a random access
memory (RAM) (none shown 1n FIG. 2). Alternatively, one or
more storage devices, such as a floppy disk, a compact disc
read only memory (CD-ROM), a magneto-optical disk
(MOD), and/or a digital versatile disc (DVD) (none shown 1n
FIG. 2) may also be used. Also, in the exemplary embodi-
ment, additional input channels (not shown in FIG. 2) may be,
but are not limited to, computer peripherals associated with
an operator interface such as a mouse and a keyboard (neither
shown 1n FIG. 2). Further, in the exemplary embodiment,
additional output channels may include, but are not limited to,
an operator itertace monitor (not shown 1n FIG. 2).

Processors for turbine controller 202 process iformation
transmitted from a plurality of electrical and electronic
devices that may include, but are not limited to, voltage and
current transducers. RAM and/or storage devices store and
transier information and instructions to be executed by the
processor. RAM and/or storage devices can also be used to
store and provide temporary variables, static (i.e., non-chang-
ing ) information and mstructions, or other intermediate 1nfor-
mation to the processors during execution of instructions by
the processors. Instructions that are executed include, but are
not limited to, resident conversion and/or comparator algo-
rithms. The execution of sequences of instructions 1s not
limited to any specific combination of hardware circuitry and
software 1nstructions.

Generator stator 120 1s electrically coupled to a stator
synchronizing switch 206 via a stator bus 208. In an exem-
plary embodiment, to facilitate the DFIG configuration, gen-
erator rotor 122 1s electrically coupled to a bi-directional
power conversion assembly 210 via a rotor bus 212. Alterna-
tively, generator rotor 122 1s electrically coupled to rotor bus
212 via any other device that facilitates operation of electrical
and control system 20 as described herein. As a further alter-
native, electrical and control system 20 1s configured as a full
power conversion system (not shown) that includes a full
power conversion assembly (not shown 1n FIG. 2) similar in
design and operation to power conversion assembly 210 and
clectrically coupled to generator stator 120. The full power
conversion assembly facilitates channeling electric power
between generator stator 120 and an electric power transmis-
sion and distribution grid (not shown). In the exemplary
embodiment, stator bus 208 transmits three-phase power
from generator stator 120 to stator synchronizing switch 206.
Rotor bus 212 transmits three-phase power from generator
rotor 122 to power conversion assembly 210. In the exem-
plary embodiment, stator synchronizing switch 206 1s elec-
trically coupled to a main transformer circuit breaker 214 via
a system bus 216. In an alternative embodiment, one or more
tuses (not shown) are used 1nstead of main transformer circuit
breaker 214. In another embodiment, neither fuses nor main
transformer circuit breaker 214 1s used.

Power conversion assembly 210 includes a rotor filter 218
that 1s electrically coupled to generator rotor 122 via rotor bus
212. A rotor filter bus 219 electrically couples rotor filter 218
to a rotor-side power converter 220 and rotor-side power
converter 220 1s electrically coupled to a line-side power
converter 222. Rotor-side power converter 220 and line-side
power converter 222 are power converter bridges including,
power semiconductors (not shown). In the exemplary
embodiment, rotor-side power converter 220 and line-side
power converter 222 are configured 1n a three-phase, pulse
width modulation (PWM) configuration including insulated
gate bipolar transistor (IGBT) switching devices (not shown
in FIG. 2) that operate as known 1n the art. Alternatively,
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rotor-side power converter 220 and line-side power converter
222 have any configuration using any switching devices that
facilitate operation of electrical and control system 20 as
described herein. Power conversion assembly 210 1s coupled
in electronic data communication with turbine controller 202
to control the operation of rotor-side power converter 220 and
line-side power converter 222.

In the exemplary embodiment, a line-side power converter
bus 223 electrically couples line-side power converter 222 to
a line filter 224. Also, a line bus 2235 electrically couples line
filter 224 to a line contactor 226. Moreover, line contactor 226
1s electrically coupled to a conversion circuit breaker 228 via
a conversion circuit breaker bus 230. In addition, conversion
circuit breaker 228 1s electrically coupled to main transformer
circuit breaker 214 via system bus 216 and a connection bus
232. Alternatively, line filter 224 1s electrically coupled to
system bus 216 directly via connection bus 232 and includes
any suitable protection scheme (not shown) configured to
account for removal of line contactor 226 and conversion
circuit breaker 228 from electrical and control system 20.
Main transformer circuit breaker 214 1s electrically coupled
to an electric power main transformer 150 via a generator-
side bus 236. Main transformer 150 1s electrically coupled to
a grid circuit breaker 238 via a breaker-side bus 240. Gnid
circuit breaker 238 1s connected to the electric power trans-
mission and distribution grid via a grid bus 242.

In the exemplary embodiment, rotor-side power converter
220 1s coupled 1n electrical communication with line-side
power converter 222 via a single direct current (DC) link 244.
Alternatively, rotor-side power converter 220 and line-side
power converter 222 are electrically coupled via individual
and separate DC links (not shown in FIG. 2). DC link 244
includes a positive rail 246, a negative rail 248, and at least
one capacitor 250 coupled between positive rail 246 and
negative rail 248. Alternatively, capacitor 250 includes one or
more capacitors configured in series and/or in parallel
between positive rail 246 and negative rail 248.

Turbine controller 202 1s configured to receive a plurality
of voltage and electric current measurement signals from a
first set of voltage and electric current sensors 252. Moreover,
turbine controller 202 1s configured to monitor and control at
least some of the operational variables associated with wind
turbine 100. In the exemplary embodiment, each of three
voltage and electric current sensors 252 are electrically
coupled to each one of the three phases of grid bus 242.
Alternatively, voltage and electric current sensors 252 are
clectrically coupled to system bus 216. As a further alterna-
tive, voltage and electric current sensors 232 are electrically
coupled to any portion of electrical and control system 20 that
facilitates operation of electrical and control system 20 as
described herein. As a still further alternative, turbine con-
troller 202 1s configured to receive any number of voltage and
clectric current measurement signals from any number of
voltage and electric current sensors 252 including, but not
limited to, one voltage and electric current measurement sig-
nal from one transducer.

As shown 1n FIG. 2, electrical and control system 20 also
includes a converter controller 262 that 1s configured to
receive a plurality of voltage and electric current measure-
ment signals. For example, 1n one embodiment, converter
controller 262 receives voltage and electric current measure-
ment signals from a second set of voltage and electric current
sensors 234 coupled 1n electronic data communication with
stator bus 208. Converter controller 262 receives a third set of
voltage and electric current measurement signals from a third
set of voltage and electric current sensors 256 coupled 1n
clectronic data communication with rotor bus 212. Converter



US 8,519,568 B2

7

controller 262 also receives a fourth set of voltage and electric
current measurement signals from a fourth set of voltage and
clectric current sensors 264 coupled in electronic data com-
munication with conversion circuit breaker bus 230. Second
set of voltage and electric current sensors 254 1s substantially
similar to first set of voltage and electric current sensors 252,
and fourth set of voltage and electric current sensors 264 1s
substantially similar to third set of voltage and electric current
sensors 236. Converter controller 262 1s substantially similar
to turbine controller 202 and 1s coupled 1n electronic data
communication with turbine controller 202. Moreover, in the
exemplary embodiment, converter controller 262 1s physi-
cally integrated within power conversion assembly 210.
Alternatively, converter controller 262 has any configuration
that facilitates operation of electrical and control system 20 as
described herein.

During operation, wind impacts blades 108 and blades 108
transform wind energy 1nto a mechanical rotational torque
that rotatably drives low-speed shafit 112 via hub 110. Low-
speed shaft 112 drives gearbox 114 that subsequently steps up
the low rotational speed of low-speed shait 112 to drive
high-speed shaft 116 at an increased rotational speed. High
speed shait 116 rotatably drives generator rotor 122. A rotat-
ing magnetic field 1s induced by generator rotor 122 and a
voltage 1s induced within generator stator 120 that 1s mag-
netically coupled to generator rotor 122. Generator 118 con-
verts the rotational mechanical energy to a sinusoidal, three-
phase alternating current (AC) electrical energy signal in
generator stator 120. The associated electrical power 1s trans-
mitted to main transformer 150 via stator bus 208, stator
synchronizing switch 206, system bus 216, main transformer
circuit breaker 214 and generator-side bus 236 forming an
internal grid. Main transformer 150 steps up the voltage
amplitude of the electrical power and the transformed elec-
trical power 1s further transmitted to a grid via breaker-side
bus 240, grid circuit breaker 238 and grid bus 242.

In the exemplary embodiment, a second electrical power
transmission path 1s provided. Electrical, three-phase, sinu-
soidal, AC power 1s generated within generator rotor 122 and
1s transmitted to power conversion assembly 210 via rotor bus
212. Within power conversion assembly 210, the electrical
power 1s transmitted to rotor filter 218 and the electrical
power 1s modified for the rate of change of the PWM signals
associated with rotor-side power converter 220. Rotor-side
power converter 220 acts as a rectifier and rectifies the sinu-
soidal, three-phase AC power to DC power. The DC power 1s
transmitted into DC link 244. Capacitor 250 facilitates miti-
gating DC link 244 voltage amplitude vanations by facilitat-
ing mitigation of a DC ripple associated with AC rectification.

The DC power 1s subsequently transmitted from DC link
244 to line-side power converter 222 and line-side power
converter 222 acts as an iverter configured to convert the DC
clectrical power from DC link 244 to three-phase, sinusoidal
AC electrical power with pre-determined voltages, currents,
and frequencies. This conversion 1s monitored and controlled
via converter controller 262. The converted AC power 1s
transmitted from line-side power converter 222 to system bus
216 via line-side power converter bus 223 and line bus 225,
line contactor 226, conversion circuit breaker bus 230, con-
version circuit breaker 228, and connection bus 232. Line
filter 224 compensates or adjusts for harmonic currents in the
clectric power transmitted from line-side power converter
222. Stator synchronizing switch 206 1s configured to close to
facilitate connecting the three-phase power from generator
stator 120 with the three-phase power from power conversion
assembly 210.
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Conversion circuit breaker 228, main transformer circuit
breaker 214, and grid circuit breaker 238 are configured to
disconnect corresponding buses, for example, when exces-
stve current flow may damage the components of electrical
and control system 20. Additional protection components are
also provided including line contactor 226, which may be
controlled to form a disconnect by opening a switch (not
shown 1n FIG. 2) corresponding to each line of line bus 225.

Power conversion assembly 210 compensates or adjusts
the frequency of the three-phase power from generator rotor
122 for changes, for example, 1n the wind speed at hub 110
and blades 108. Therelfore, 1n this manner, mechanical and
clectrical rotor frequencies are decoupled from stator ire-
quency.

Under some conditions, the bi-directional characteristics
ol power conversion assembly 210, and specifically, the bi-
directional characteristics of rotor-side power converter 220
and line-side power converter 222, facilitate feeding back at
least some of the generated electrical power 1nto generator
rotor 122. More specifically, electrical power 1s transmitted
from system bus 216 to connection bus 232 and subsequently
through conversion circuit breaker 228 and conversion circuit
breaker bus 230 into power conversion assembly 210. Within
power conversion assembly 210, the electrical power 1s trans-
mitted through line contactor 226, line bus 2235, and line-side
power converter bus 223 into line-side power converter 222.
Line-side power converter 222 acts as a rectifier and rectifies
the sinusoidal, three-phase AC power to DC power. The DC
power 1s transmitted into DC link 244. Capacitor 250 facili-
tates mitigating DC link 244 voltage amplitude variations by
facilitating mitigation of a DC ripple sometimes associated
with three-phase AC rectification.

The DC power 1s subsequently transmitted from DC link
244 to rotor-side power converter 220 and rotor-side power
converter 220 acts as an inverter configured to convert the DC
clectrical power transmitted from DC link 244 to a three-
phase, sinusoidal AC electrical power with pre-determined
voltages, currents, and frequencies. This conversion 1s moni-
tored and controlled via converter controller 262. The con-
verted AC power 1s transmitted from rotor-side power con-
verter 220 to rotor filter 218 via rotor filter bus 219 and 1s
subsequently transmitted to generator rotor 122 via rotor bus
212, thereby facilitating sub-synchronous operation.

Power conversion assembly 210 1s configured to receive
control signals from turbine controller 202. The control sig-
nals are based on sensed conditions or operating characteris-
tics of wind turbine 100 and electrical and control system 20.
The control signals are recerved by turbine controller 202 and
used to control operation of power conversion assembly 210.
Feedback from one or more sensors may be used by electrical
and control system 20 to control power conversion assembly
210 via converter controller 262 including, for example, con-
version circuit breaker bus 230, stator bus and rotor bus volt-
ages or current feedbacks via second set of voltage and elec-
tric current sensors 254, third set of voltage and electric
current sensors 256, and fourth set of voltage and electric
current sensors 264. Using this feedback information, and for
example, switching control signals, stator synchronizing
switch control signals and system circuit breaker control
(trip) signals may be generated 1n any known manner. For
example, for a grid voltage transient with predetermined char-
acteristics, converter controller 262 will at least temporarily
substantially suspend the IGBTs from conducting within
line-side power converter 222. Such suspension of operation
of line-side power converter 222 will substantially mitigate
clectric power being channeled through power conversion
assembly 210 to approximately zero.
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FIG. 3 1s a schematic view of a wind turbine 101 according,
to an embodiment. Wind turbine 101 includes a generator 118
forming an electrical power generating unit, for example a
DFIG as explained above with regard to FIG. 2 and a turbine
controller 202. Generator 118 1s connected to an internal grid
110 of wind turbine 101 and configured to feed an ac-power,
tor example a 50 Hz or 60 Hz three-phase ac power of 690V,
to internal grid 110. As explained above with regard to FI1G. 2,
turbine controller 202 1s typically configured to control at
least generator 118. This 1s indicated by the dashed-dotted
between turbine controller 202 and generator 118.

In the exemplary embodiment, wind turbine 101 includes a
transformer 150 having a low-voltage side 151 connected to
the internal grid 110 and a high-voltage side 152. Transformer
150 1s configured to step up a voltage of the low voltage side,
for example 690 V, to a voltage of an external grid. In the
following transformer 150 1s also referred to as wind turbine
transformer. Typically, the external grid 200 1s a wind farm
orid with a rated voltage of about 10 kV up to about S0kV to
which wind turbine 101 1s connected during normal opera-
tion. In other embodiments, wind turbine 101 1s, during nor-
mal operation, directly connected to a utility grid.

In the exemplary embodiment, the low-voltage side 151 of
transformer 150 1s connected to generator 118 via the internal
orid 110. The high-voltage side 151 of transformer 150 1s
connectable to external grid 200 via a medium voltage switch
gear 175 which disconnects transformer 150 from the exter-
nal grid 200 1n the event of a grid failure such as an outage of
the external grid 200.

In other embodiments, a frequency converter or an inverter
1s connected between the generator and internal grid 110 to
convert the electrical power generated by the generator to a
rated ac-power of internal grid 110. In these embodiments,
the generator and the frequency converter, or the generator
and the mverter form the electrical power generating unit of
the wind turbine.

The electric power generating unit has a rated output volt-
age that matches a rated voltage of internal grid of, for
example, 690 V. Depending on design of the electric power
generating unit, its rated output voltage corresponds to the
rated output voltage of the generator, the inverter or the fre-
quency converter that 1s connected via internal grid 110 to the
low voltage side 151 of transformer 150.

According to an embodiment, wind turbine 101 includes a
charging device 130 which 1s connected to the low voltage
side 151 of the transformer 150 via the internal grid 110.
Charging device 130 1s configured to charge the internal grid
110 and the low-voltage side 151 of the transformer 150,
respectively, when the generator 118 does not feed ac-power
to the internal grid 110, typically after a grid failure resulting,
in disconnecting low-voltage side 151 of transformer 150
from external grid 200. Accordingly, charging device 130 can
charge the internal grid 110 after recovery of external grid 200
and prior to connecting the high-voltage side 152 of trans-
former 150 back to external grid 200. In doing so, mrush
currents may be avoided or at least reduced when the high-
voltage side 152 of transformer 150 1s connected to external
orid 200. Accordingly, mechanical loads of the windings of
transformer may at least be reduced and further resonances
and/or oscillations of the electric system formed by wind
turbine 101 and external grid 200 reduced and substantially
avolded, respectively.

After charging the internal grid and the low-voltage side
151 of transformer 150, respectively, the charging device 130
typically sends a signal to medium-voltage switch gear 175 to
close its switch 171 and thus to connect external grid 200 and
high-voltage side 152 of transtormer 150. For this purpose at
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least one signal line, for example a TTL-line or a LAN-cable,
1s arranged between charging device 130 and medium-volt-
age switch gear 175 as indicated by the dashed-dotted line 1n
FIG. 3. Typically, charging device 130 1s also connected via at
least one signal line with the turbine controller 202 to
exchange information. For example, turbine controller 202
may 1ssue the command to close switch 171 via charging
device 130. Accordingly, a SCADA system connected with or
running on turbine controller 202 may switch several wind
turbines 101 after each other back to the external grid 200
tformed by a wind park grid. Accordingly, inrush currents may
be even further reduced.

In the exemplary embodiment, medium-voltage switch
gear 175 further includes an internal voltage transformer 176
usually used to measure the voltage of external grid 200.
Accordingly, a high voltage side of voltage transformer 176 1s
connected to external grid 200. The voltage of external grnid
200 can be stepped-down by voltage transformer 176—after
recovery of external grnid 200—to a supply voltage, for
example to a two-phase 110 V or 230 V voltage. In the
exemplary embodiment, charging device 130 1s connected to
a low-voltage side of voltage transformer 176 via a low volt-
age grid 1135. Accordingly, a recovery of external grid 200
may be detected by charging device 130 via low voltage grid
115. Furthermore, charging device 130 may buifer and use
clectrical energy of low voltage grid 115 to charge internal
orid 110 and transformer 150, respectively. This 1s explained
in more detail below with regard to FIGS. 7 and 8.

FIG. 4 1s a schematic view of a wind turbine 102 according,
to another embodiment. Wind turbine 102 shown 1n FIG. 4 1s
very similar to the exemplary embodiment described above
with regard to FIG. 3. However, medium-voltage switch gear
175 and transtormer 150 are arranged outside of wind turbine
102, for example 1n an additional building next to the tower of
wind turbine 102. In such an arrangement, medium-voltage
switch gear 175 and transtormer 150 are also considered to be
parts of the wind turbine 102 as they form a functional unit
that need not be arranged 1n a single construction.

FIG. 5 15 a schematic view of a wind turbine 103 according,
to yet another embodiment. Wind turbine 103 shown 1n FIG.
5 1s very similar to the exemplary embodiment described
above with regard to FIG. 3. However, instead of a medium-
voltage switchgear, wind turbine 103 includes a switch 170
which 1s connected between external grid 200 and the high-
voltage side of transformer 150 to open and close a connec-
tion between the high voltage side of transformer 150 and
external grid 200. A charging device 131 1s connected to the
internal grid 110 and configured to charge internal grid 110
and to cause closing switch 171. Internal grid 110 and exter-
nal grid 200 may also be three-phase grids. For sake of clarity,
only one respective line of grids 110, 200 1s shown 1n FIG. 5.
This applies also to the following Figures.

Furthermore, wind turbine 103 includes a sensor 165, typi-
cally a capacitive sensor, connected to external grid 200 and
charging device 131. Accordingly, charging device 131 can
detect the recovery of external grid 200.

In the exemplary embodiment, charging device 131 1s con-
nected to a long-term energy storage 180 such as a battery to
provide energy for charging transformer 150 after grid recov-
ery and prior to connecting the high voltage side of trans-
former 150 back to external grid 200.

FIG. 6 1s a schematic view of a wind turbine 104 according,
to still another embodiment. Wind turbine 103 shown 1n FIG.
6 1s very similar to the exemplary embodiment described
above with regard to FIG. 3. However, instead of a medium-
voltage switchgear, wind turbine 103 includes a switch 170
which 1s connected between external grid 200 and the high-
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voltage side of transtormer 150 to open and close a connec-
tion between the high voltage side of transformer 150 and
external grid 200. A charging device 132 1s connected to the
internal grid 110 and configured to charge mternal grid 110
and to cause closing switch 170.

In the exemplary embodiment, an additional transformer
160 1s with 1ts high voltage side connected to the external grid
200. A low-voltage side of additional transformer 160 1is
connected to charging device 132. Similar as explained above
with regard to FIG. 3 for the voltage transformer of the
switchgear, charging device 132 can use the low-voltage side
of additional transformer 160 to detect the recovery of exter-
nal grid 200 and/or use buifered electric power of the low-
voltage side of additional transformer 160 to charge trans-
former 150 prior to connecting the high-voltage side of
transformer 150 back to external grid 200. In other words,
additional transformer 160 may be used both as sensor and
power supply.

FIG. 7 1s a schematic view of a charging device 131 for
wind turbines according to an embodiment. Charging device
131 may, for example, be used 1n the wind turbine as
explained above with regard to FIG. 5. Charging device 131
includes an mnverter 135 which may be connected to a low
voltage side of a wind turbine transformer (not shown in FIG.
7) and an internal grid 110 connected to the generator (not
shown 1n FIG. 7), respectively. According to an embodiment,
inverter 135 1s configured to output at least one rising ac
output-signal to the internal grid 110, for example a three-
phase ac output-signal, to charge internal grid 110 and the
wind turbine transformer, respectively, after recovery of the
external grid. Typically, inverter 135 1s configured to ramp the
at least one rising ac output-signal to a rated voltage of the
generator, for example to 690 V. Accordingly, an inrush cur-
rent after back connecting of the wind turbine transformer to
the external grid may almost or even completely be avoided.

Typically, charging device 131 includes a controller 134. In
the exemplary embodiment, charging device 131 1s connected
to inverter 135 to control inverter 135, to the switch 170 of the
wind turbine to cause closing of switch 170 after charging the
wind turbine transformer, and to the sensor 165 of the wind
turbine to detect the recovery of the external grid. This 1s
indicated by dashed-dotted arrows between the respective
units, wherein the arrow heads indicate the flow of informa-
tion during operation.

Furthermore, charging device 131 1s typically connected to
the turbine controller 202 as explained above with regard to
FIG. 3.

Controller 134 1s typically configured to cause closing
switch 170 after a voltage of internal grid 110 and output of
inverter 135, respectively, has reached a suitable predefined
value, typically the rated voltage of the generator and the
clectrical power generating unit, respectively, or at least 80%
of the rated voltage, more typically at least 90%, even more
typically at least 95% of the rated voltage of the generator and
the electrical power generating unit, respectively.

In the exemplary embodiment, controller 134 1s configured
to detect a recovery of the external grid via the sensor 165
which may for example send after recovery of the external
orid an ac TTL-signal which 1s in defined phase relation with
the external grid. The ac T'TL-signal may also be transferred
to inverter 135 which typically outputs to internal grid 110 a
signal that 1s phase shifted to the ac TTL-s1gnal to compensate
delays and phase-shifts, respectively. Accordingly the phase
of the internal grid 1s set such that there 1s substantially no
phase-shift when the transformer i1s connected back to the
external grid. Typically, controller 134 controls inverter 133
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such that at least one rising ac output-signal 1s 1n defined
phase-relation, for example in phase, with the external grid.

Furthermore, charging device typically includes an energy
butiler 139, for example a capacitor, which 1s connected to the
iverter 135 to provide 1in a comparatively short time of about
several ten milliseconds to about several seconds, more typi-
cally of about 100 ms to about 1 s, and even more typically of
about 300 ms to about 800 ms, enough electrical energy to
charge internal grid 110 and the wind turbine transformer,
respectively, via iverter 135. Energy buffer 139 may be
charged from a battery 180 of the wind turbine that may also
supply electric power to controller 134. Typically, controller
134 i1ssues charging of an energy builer 139 after recovery of
the external grid and charging of internal grid 110 aiter energy
butifer 139 1s charged.

FIG. 8 1s a schematic view of a charging device 130 for
wind turbines according to another embodiment. Charging
device 130 may, for example, be used in the wind turbine as
explained above with regard to FIGS. 3 and 4 but also as
charging device 132 of the wind turbine as explained above
with regard to FI1G. 6. Charging device 130 shown in FIG. 8 1s
similar to the exemplary embodiment described above with
regard to FIG. 7. However, charging device 130 1s connected
via a transformer with the external grid 200 to which a high-
voltage side of the wind turbine transformer 1s connected. The
wind turbine transformer may be a voltage transformer of a
medium-voltage switch gear, as explained above with regard
to FIG. 3, an additional transformer, as explained above with
regard to FIG. 6, or an optional internal transformer 136 of
charging device 130 as shown 1n FIG. 8. The ac-signal of the
low-voltage side of the transformer 136 1s typically used both
to charge energy builer 139 and to detect the recovery of the
external grid 200 using a sensor 137, typically a capacitive
sensor, connected between the low-voltage side of trans-
former 136 and controller 134.

Typically, an ac-to-dc power pack 138 15 used to supply
energy builer 139, sensor 137 and controller 134.

FIG. 9 15 a schematic view of a wind farm 10 according to
an embodiment. Wind farm 10 includes a wind farm grid 200
to which one, more typically a plurality of wind turbines 105,
106, 107 are connected. The three exemplarily shown wind
turbines 105, 106, 107 may be any of the wind turbines
explained above with regard to FIGS. 3 to 6.

The internal grid 200 1s typically a medium voltage, three-
phase alternating current (ac) network operating e.g. at a few
kV up to a few 10 kV and 350 Hz or 60 Hz. A station trans-
former or main transformer 450 of a transformer substation
400 1s used to step up voltage from the internal grid voltage to
a required transmission voltage of the external, main or utility
orid 300 to which the transformer substation 400 can be
connected at the point-of-common-coupling (PCC) using a
suitable power switch 700. Further, the mternal grid 200
typically powers a central controller 500 via a transformer
5350. The central controller 500 1s arranged for communica-
tion with the wind turbines 105 to 107 via communication
links 570, which may be implemented 1n hardware and/or
software. Further, the central controller 500 may be config-
ured to communicate via communication links 580 with a
SCADA (Supervisory, Control and Data Acquisition) com-
puter 800 to enable remote control. Typically, the communi-
cation links 570, 580 are realized as an Ethernet LAN. How-
ever, the communication links 550 may also be configured to
remotely communicate data signals to and from the central
controller 500 1n accordance with any fiber optic, wired or
wireless communication network known to one skilled 1n the
art. Such data signals may include, for example, signals
indicative of operating conditions of individual wind turbine
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which are transmitted to the central controller 500 and various
command signals communicated by the central controller 500
to the wind turbines 105 to 107. The central controller 500 1s
typically further in communication with the internal grid 200
and the external grid via sensors 600 to 602, such as voltage,
current, frequency, power sensors or the like. Note that each
of the sensors 600 to 602 may represent different sensors, €.g.
for each phase line. Further, the central controller 500 1is
typically operable to control various switching devices or
actuators, such as feeders 700. Note, that the dashed and
dashed-dotted lines in FIG. 9 only indicate that there are links
between the central controller 500 and the other devices. They
do not necessarily reflect the topology of the used communi-
cation links 550 and 560.

Each of the wind turbine 105 to 107 includes an internal
orid 110, a generator 118 connected to the internal grid 110
and charging device 130 connected to the internal grid 110.
Generator 118 1s configured to feed an ac-power of a rated
voltage to the internal grid 110.

Furthermore, each of the wind turbine 105 to 107 includes
a transformer 150 connected to the internal grid 110 and
configured to step-up the rated voltage of the generator 118 to
the voltage of the wind farm grid 200. Respective switches
170 are connected between the wind farm grid 200 and the
transformers 150 to open and close a connection between the
transformers 150 and the wind farm grnid 200.

According to an embodiment, the charging devices 130 of
the wind turbines 1035, 106, 107 are configured to feed ac-
power to the respective internal grid 110 when the respective
switch 170 1s open due to a failure of the utility grid causing
a failure of wind farm grid 200, typically an outage of wind
farm grid 200. When the utility grid 300 recovers, the wind
farm grid 200 typically also recovers. Feeding ac-power from
charging devices 130 to internal grids 110 results 1n charging
of transformers 150 which are still disconnected from wind
farm grid 200. After charging transformers 150, the high
voltage sides of transformers 150 are connected back to wind
farm grid 200. Due to charging transformers 150 prior to
connecting their high-voltage side back to wind farm gnid
200, inrush currents are avoided or at least substantially
reduced. Accordingly, life time of transformers 150 may be
increased and a trip of a breaker in the main transformer
station 400 avoided.

Typically, charging devices 130 included an inverter (not
shown 1n FIG. 9) configured to ramp the voltage of the inter-
nal grids 110 up to the rated voltage. Ramping of the voltage
as well as closing of switches 170 1s typically controlled by an
internal controller of charging devices 130.

FI1G. 10 1s a tlow diagram of a method 1000 for connecting,
a transformer, typically a wind turbine transformer the low
side of which 1s connected to a generator of a wind turbine, to
a grid after a grid failure. In a first block 1100, a recovery of
the grid 1s detected. Block 1100 may include measuring a
signal of a low-voltage side of an additional transiormer
connected with 1ts high voltage side to the grid. The additional
transformer may, for example, be a voltage transformer of a
switch gear arranged between the grid and a high-voltage side
of the transformer.

In a subsequent block 1200, energy of the grid 1s buttered.
For example, power of the low-voltage side of the additional
transiormer 1s buffered in a capacitor.

Thereafter, a low voltage side of a transformer 1s charged
with the bulfered energy while a high voltage side of the
transformer remains disconnected from the grid 1 a block
1300. This 1s typically done such that the high voltage side of
the transformer 1s 1n defined phase relation, for example sub-
stantially 1n phase with the grnid. Block 1300 typically
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includes ramping a voltage of the low voltage side of the
transformer up to a predefined value, for example up to arated
voltage of the generator or close to the rated voltage of the
generator.

In a subsequent block 1400, the high voltage side of the
transiformer and the grid are connected. Due to charging the
transiormer prior to connecting 1ts high-voltage side back to
the grid, inrush currents are avoided or at least substantially
reduced. Accordingly, life time of the transformer may be
increased. Furthermore, oscillations and/or resonances of
current and/or voltage of the transtormer-grid system may be
avoided.

Block 1400 typically includes closing a switch connected
between the grid and the high voltage side of the transformer
by a controller which typically also controls the charging of
block 1300. Closing the switch 1s typically synchronized with
switching ofl an 1nverter used for charging the transformer 1n
block 1300.

Thereafter, the generator may be ramped up and synchro-
nized with the low voltage side of the transformer to enable
teeding of ac-power 1nto the grid.

The above-described systems and methods facilitate
reducing the inrush current of a transformer when the trans-
former 1s connected to a grid after recovery of the grid. Thus,
mechanical loads of the transformer windings, resonances
and/or oscillations 1n the grid and the power distributing
system, respectively, as well as disconnecting of a main trans-
former arranged between the transformer and a utility gnid
may be avoided.

Exemplary embodiments of wind turbines and wind farms
and related methods are described above 1n detail. The sys-
tems and methods are not limited to the specific embodiments
described herein, but rather, components of the systems and/
or steps ol the methods may be utilized independently and
separately from other components and/or steps described
herein. For example, charging a low-voltage side of a trans-
former prior to connecting 1ts high-voltage side to a grid after
orid recovery 1s not limited to practice with only the wind
turbine systems as described herein. Rather, the exemplary
embodiment can be implemented and utilized 1n connection
with many other power plants.

Although specific features of various embodiments of the
invention may be shown in some drawings and not in others,
this 1s for convenience only. In accordance with the principles
of the invention, any feature of a drawing may be referenced
and/or claimed 1n combination with any feature of any other
drawing.

This written description uses examples to disclose the
invention, mcluding the best mode, and also to enable any
person skilled in the art to practice the mvention, including
making and using any devices or systems and performing any
incorporated methods. While various specific embodiments
have been disclosed in the foregoing, those skilled in the art
will recognize that the spirit and scope of the claims allows
for equally effective modifications. Especially, mutually non-
exclusive features of the embodiments described above may
be combined with each other. The patentable scope of the
invention 1s defined by the claims, and may include other
examples that occur to those skilled 1n the art. Such other
examples are intended to be within the scope of the claims 1f
they have structural elements that do not differ from the literal
language of the claims, or if they include equivalent structural
clements with insubstantial differences from the literal lan-
guage of the claims.

What 1s claimed 1s:

1. A method for connecting a transformer to a grid after a
or1d failure, comprising:
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detecting a recovery of the grid;

buifering energy of the grid;

charging a low-voltage side of the transformer with the

builered energy while a high-voltage side of the trans-
former 1s disconnected from the grid so that the high- 5
voltage side of the transformer 1s substantially 1n phase
with the gnid; and

connecting the high-voltage side of the transformer and the

or1d.

2. The method of claim 1, wherein charging the low-volt- 10
age side of the transformer comprises ramping a voltage of
the low-voltage side of the transformer up to a predefined
value.

3. The method of claim 1, wherein connecting the high-
voltage side of the transformer comprises causing closing a 15
switch connected between the grid and the high-voltage side
of the transformer after charging the low-voltage side of the
transformer by a charging device.

4. The method of claim 1, further comprising synchroniz-
ing a generator with the low-voltage side of the transformer. 20
5. The method of claim 4, wherein the generator 1s a wind

turbine generator.

6. The method of claim 1, wherein detecting the recovery of
the grid comprises measuring a signal of a low-voltage side of
an additional transformer connected with 1ts high-voltage 25
side to the gnd.

7. The method of claim 6, wherein the additional trans-
former 1s a voltage transtformer of a switch gear.
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